Noninvasive Diagnosis of Ischemia-Causing Coronary Stenosis Using CT Angiography Diagnostic Value of Transluminal Attenuation Gradient and Fractional Flow Reserve Computed From Coronary CT Angiography Compared to Invasively Measured Fractional Flow Reserve by Yoon, Yeonyee E. et al.
J A C C : C A R D I O V A S C U L A R I M A G I N G V O L . 5 , N O . 1 1 , 2 0 1 2
© 2 0 1 2 B Y T H E A M E R I C A N C O L L E G E O F C A R D I O L O G Y F O U N D A T I O N I S S N 1 9 3 6 - 8 7 8 X / $ 3 6 . 0 0
P U B L I S H E D B Y E L S E V I E R I N C . h t t p : / / d x . d o i . o r g / 1 0 . 1 0 1 6 / j . j c m g . 2 0 1 2 . 0 9 . 0 0 2Noninvasive Diagnosis of Ischemia-Causing
Coronary Stenosis Using CT Angiography
Diagnostic Value of Transluminal Attenuation Gradient and
Fractional Flow Reserve Computed From Coronary CT Angiography
Compared to Invasively Measured Fractional Flow Reserve
Yeonyee E. Yoon, MD,*† Jin-Ho Choi, MD, PHD,‡ Ji-Hyun Kim, MD,*
Kyung-Woo Park, MD, PHD,* Joon-Hyung Doh, MD, PHD,§ Yong-Jin Kim, MD, PHD,*
Bon-Kwon Koo, MD, PHD,* James K. Min, MD, Andrejs Erglis, MD, PHD,¶
Hyeon-Cheol Gwon, MD, PHD,‡ Yeon Hyeon Choe, MD, PHD,#
Dong-Ju Choi, MD, PHD,† Hyo-Soo Kim, MD, PHD,* Byung-Hee Oh, MD, PHD,*
Young-Bae Park, MD, PHD*
Seoul and Goyang, Korea; Los Angeles, California; and Riga, Latvia
O B J E C T I V E S The aim of this study was to compare the diagnostic performance of coronary
computed tomography angiography (CCTA)-derived computed fractional ﬂow reserve (FFRCT) and
transluminal attenuation gradient (TAG) for the diagnosis of lesion-speciﬁc ischemia.
B A C KG ROUND Although CCTA is commonly used to detect coronary artery disease (CAD), it
cannot reliably assess the functional signiﬁcance of CAD. Novel technologies based on CCTA were
developed to integrate anatomical and functional assessment of CAD; however, the diagnostic
performance of these methods has never been compared.
METHOD S Fifty-three consecutive patients who underwent CCTA and coronary angiography with
FFR measurement were included. Independent core laboratories determined CAD severity by CCTA, TAG,
and FFRCT. The TAG was deﬁned as the linear regression coefﬁcient between intraluminal radiological
attenuation and length from the ostium; FFRCT was computed from CCTA data using computational ﬂuid
dynamics technology.
R E S U L T S Among 82 vessels, 32 lesions (39%) had ischemia by invasive FFR (FFR 0.80). Sensitivity,
speciﬁcity, positive and negative predictive values, and positive and negative likelihood ratio of TAG
(0.654 HU/mm) for detection of ischemia were 38%, 88%, 67%, 69%, 3.13, and 0.71, respectively; and
those of FFRCT were 81%, 94%, 90%, 89%, 13.54, and 0.20, respectively. Receiver-operating characteristic
curve analysis showed a signiﬁcantly larger area under the curve (AUC) for FFRCT (0.94) compared to that
for TAG (0.63, p  0.001) and CCTA stenosis (0.73, p  0.001). In vessels with noncalciﬁed plaque or
partially calciﬁed plaque, FFRCT showed a larger AUC (0.94) compared to that of TAG (0.63, p  0.001)
or CCTA stenosis (0.70, p  0.001). In vessels with calciﬁed plaque, AUC of FFRCT (0.92) was not
statistically larger than that of TAG (0.75, p  0.168) or CCTA stenosis (0.80, p  0.195).
CONC L U S I O N S Noninvasive FFR computed from CCTA provides better diagnostic performance
for the diagnosis of lesion-speciﬁc ischemia compared to CCTA stenosis and TAG. (J Am Coll Cardiol
Img 2012;5:1088–96) © 2012 by the American College of Cardiology Foundation
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1089oronary computed tomography angiogra-
phy (CCTA) is a noninvasive and accurate
diagnostic tool to detect coronary artery
disease (CAD), and is increasingly utilized
n clinical practice. Diagnostic accuracy of 64-
ultidetector row CCTA has been validated in
everal multicenter trials, and the high negative
redictive value establishes CCTA as an effective
oninvasive alternative to invasive coronary angiog-
aphy to rule out obstructive coronary artery stenosis
1,2). However, CAD stenosis by CCTA demon-
See page 1111
strates an unreliable accuracy to define the lesion-
specific ischemia (3). With a concern that wide-
spread use of CCTA may result in excess referral of
patients to invasive coronary angiography and un-
necessary revascularization of nonischemic coronary
lesions, several methods were developed and sug-
gested to have the ability to evaluate for both
anatomical and functional stenosis (4–6).
Transluminal attenuation gradient (TAG), defined as
the linear regression coefficient between luminal at-
tenuation and axial distance from the coronary
ostium, is a novel concept that can evaluate the
severity of coronary stenosis in CCTA, and has
been validated against invasive coronary angiogra-
phy (4,7). Computational fluid dynamics, as applied
to CCTA images, enables prediction of blood flow
and pressure in coronary arteries, and calculation of
lesion-specific fractional flow reserve (FFR). The
CCTA-derived computed FFR (FFRCT) was re-
orted to have a high diagnostic performance for
etection and exclusion of ischemia-causing steno-
is (6). Both TAG and FFRCT can be computed
rom typically acquired CCTA scans without need
f additional image acquisition or administration of
edication, and were validated in 64-multidetector
ow CCTA (4,6). However, to date, the diagnostic
alue of these novel technologies has never been
ompared. In the present study, we aimed to com-
are the diagnostic performance of TAG and
of Medicine, Cedars-Sinai Heart Institute, Cedars-Sinai Medical Center,
Pauls Stradins Clinical University Hospital, Riga, Latvia; and the #Depart
Korea. This study was supported by a grant from the Clinical Research
(A102065) and by a grant from the Innovative Research Institute for
(A062260), and the Korean Healthcare Technology R&D Project (A070
and Family, Korea. Dr. Min is on the speaker’s bureau and medical advis
in TC3. All other authors have reported they have no relationships rele
Yeonyee E. Yoon and Jin-Ho Choi contributed equally to this work.Manuscript received June 20, 2012; accepted September 13, 2012.FRCT derived from 64-multidetector row CT for
he detection of lesion-specific ischemia, as deter-
ined by FFR performed at the time of invasive
oronary angiography.
M E T H O D S
Patients. From the prospective registry of the
DISCOVER-FLOW (Diagnosis of Ischemia-
Causing Stenoses Obtained Via Non-Invasive
Fractional Flow Reserve) study (6), 65 consecutive
patients with suspected or known CAD who un-
derwent CCTA, invasive coronary angiography,
and FFR measurement in Seoul National Univer-
sity Hospital between October 27, 2009, and Jan-
uary 14, 2011, were included in this study. All
patients were adults age 18 years, had
CCTA with 50% stenosis in a major
coronary artery (2.0 mm diameter), and
underwent clinically indicated invasive
coronary angiography with FFR measure-
ment. Patients with CCTA images that
were determined as nonevaluable for
FFRCT or TAG by each core laboratory
were excluded. The institutional review
board committee had approved this study.
Protocol for CCTA and noninvasive coronary
artery analysis by CCTA. The CCTA was
erformed using a 64-detector row CT
canner (Somatom Definition, Siemens,
orchheim, Germany; Brilliance 64,
hilips, Best, the Netherlands) (8). Oral
etoprolol was administered for any pa-
ient with a heart rate 65 beats/min.
mmediately before image acquisition, 0.2
g sublingual nitroglycerin was adminis-
ered. During acquisition, 80 ml of con-
rast (Iomeron 400, Bracco, Milan, Italy) was in-
ected followed by a saline flush. Helical scan data
as obtained with retrospective electrocardiography
ating. Image acquisition was prescribed to include
he coronary arteries, left ventricle, and proximal
scending aorta. The scan parameters were as follows:
Angeles, California; ¶Department of Medicine,
t of Radiology, Samsung Medical Center, Seoul,
nter for Ischemic Heart Disease, Seoul, Korea
l Therapy, Seoul National University Hospital
), sponsored by the Ministry of Health, Welfare
board of GE Healthcare; and has equity interest
t to the contents of this paper to disclose. Drs.
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109064  0.625 mm/0.750 mm collimation, tube voltage
00 kV to 120 kV, tube current 340 mA/800 mA,
otation time 330/400 ms. Radiation dose reduction
trategies were employed when feasible, and doses
anged from 3 mSv to 15 mSv.
The CCTAs were analyzed in blinded fashion by
n independent core laboratory (CVCTA, San
rancisco, California) in accordance with the
CCT guidelines on CCTA interpretation (9). The
CTA images were evaluated using 3-dimensional
orkstations (Vital Images, Minneapolis, Min-
esota; Ziosoft, Redwood City, California). The
CTAs were visualized by any post-processing
ethod, including axial, multiplanar reformat,
aximum intensity projection, and cross-sectional
nalysis. Coronary segments were scored in a semi-
uantitative manner using an 18-segment SCCT
odel. In each segment, atherosclerosis was defined
s tissue structures 1 mm2 that existed within the
coronary artery lumen or adjacent to the coronary
lumen that could be discriminated from pericardial tis-
sue, epicardial fat, or vessel lumen itself. Coronary lesions
were quantified and expressed on an ordinal scale as 0
(none; diameter stenosis  0%), 1 (very mild; 1% to
24%), 2 (mild; 25% to 50%), 3 (moderate; 50% to 69%),
or 4 (severe; 70% to 98%). Plaque composition was
classified as noncalcified (30% calcified plaque vol-
ume), partially calcified (30% to 70%), or calcified plaque
(70%) according to the volume of calcified component
(130 HU) in the plaque (4).
Invasive coronary angiography image acquisition and
FFR performance. Selective invasive coronary an-
giography was performed by standard catheteriza-
tion in accordance with the American College of
Cardiology guidelines for coronary angiography
(10). The FFR was performed in clinically indicated
vessels. After administration of nitroglycerin, a
pressure-monitoring guidewire (PressureWire Cer-
tus, St. Jude Medical Systems, Uppsala, Sweden;
ComboWire, Volcano Corporation, San Diego,
California) was advanced past the stenosis. Hyper-
emia was attained by administration of intravenous
(140 g/kg/min) adenosine (11). The position of
the distal pressure sensor was recorded to enable the
FFRCT to be calculated at the same point as
invasive FFR measurement. The FFR was calcu-
lated by dividing the mean distal coronary pressure
by the mean aortic pressure during hyperemia. The
FFR was considered diagnostic of ischemia at a
threshold of 0.80 (12).
TAG and FFRCT. The TAG was measured in blinded
fashion by an independent core laboratory (Sam-
sung Medical Center, Seoul, Korea) using a dedi- Wcated workstation (GE Advantage Workstation 4.3,
GE Healthcare, Milwaukee, Wisconsin) (Fig. 1).
Cross-sectional images perpendicular to the auto-
matically determined long-axis vessel centerline
were reconstructed for each major coronary artery.
The following variables were measured at 5-mm
intervals: from the ostium to the distal level where
the vessel cross-sectional area fell below 2.0 mm2 by
area; lumen cross-sectional area (mm2), which
erved as the region of interest, lumen mean diam-
ter (mm), and luminal radiological attenuation
HU). The contour of the region of interest and the
essel centerline were manually corrected if neces-
ary, which was typically the case at the site of the
ifurcations. If there was significant variation of any
ariable within a 5-mm vessel long-axis interval, the
verage of 3 randomly selected levels within the
nterval was used. The TAG was determined from
he change in HU per 10 mm length of coronary
rtery, and defined as the linear regression coeffi-
ient between intraluminal radiologic attenuation
HU) and length from the ostium (mm).
The FFRCT was measured in blinded fashion by
ore laboratory scientists at HeartFlow, Inc. (Red-
ood City, California), as previously described (6).
hree-dimensional models of the coronary tree and
entricular myocardium were reconstructed using cus-
om methods applied to blinded CCTA data for
imulation of coronary flow and pressure (13). Total
esting coronary flow and the microvascular resistance
ere calculated according to ventricular mass and the
ize of the feeding vessel, respectively (14–18). A
umped parameter model representing the resistance
o flow during simulated hyperemia was applied to
ach coronary branch of the segmented CCTA
odel. The FFRCT core laboratory scientists were
nstructed as to the location within a coronary artery
here the FFR was reported by an independent
cientist who interpreted both the CCTA and invasive
ngiography and who was not involved in the CCTA,
nvasive angiography, FFR, FFRCT, or TAG analyses.
Statistical analyses. Categorical variables are pre-
sented as frequencies and percentages, with contin-
uous variables as mean  SD. The correlation
between each modality was evaluated using Pear-
son’s correlation coefficient. Receiver-operating
characteristics (ROC) curve analysis was used to
assess the performance of CCTA stenosis grade,
TAG, and FFRCT to detect ischemia-causing ste-
osis. The area under the ROC curve (AUC) was
alculated for CCTA stenosis, TAG, and FFRCT,
nd AUCs were compared by the DeLong method.ith an optimal cutoff value derived from ROC
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1091curve analysis, sensitivity, specificity, positive pre-
dictive value (PPV), negative predictive value
(NPV), positive likelihood ratio [LR()], and neg-
ative likelihood ratio [LR()] were calculated on a
per-vessel basis and expressed with corresponding
95% confidence interval. Statistical significance was
determined by a p value  0.05. All analyses were
performed with the SPSS 18.0 statistical package
(SPSS, Inc., Chicago, Illinois).
R E S U L T S
The CCTA studies from 65 patients with invasive
coronary angiography and FFR were evaluated.
After excluding 3 patients (4.6%) with nonevaluable
CCTA for TAG and 9 patients (13.8%) with
nonevaluable CCTA for FFRCT, 53 patients (age
63  9 years; male, 74%) and 82 coronary arteries
were included in the final analysis. Baseline char-
Figure 1. Anatomically Obstructive Stenosis With No Functiona
(A) Coronary computed tomography angiography (CCTA) detected
nary artery (RCA). (B) Although invasive coronary angiography also
tional ﬂow reserve (FFR) of 0.92 at the time of invasive coronary an
Similarly, (C) computation of FFR from CCTA data (FFRCT) with a va
demonstrate no ischemia in the RCA.acteristics are listed in Table 1. TAmong 82 coronary arteries, 29% (24 of 82) were
calcified lesion, and 71% (58 of 82) were noncalcified
or partially calcified lesion. A total of 32 vessels of 82
(39%) showed lesion-specific ischemia (FFR 0.80).
he TAG was significantly lower in vessels with
schemia (0.584  0.800 HU/mm) compared to
essels without ischemia (0.230  0.475 HU/mm,
 0.029). The FFRCT was also significantly lower
n vessels with ischemia (0.658 0.136) compared to
essels without ischemia (0.876  0.759, p  0.001).
Figure 2 illustrates the correlation between
AG, FFRCT, and invasive FFR. Whereas TAG
showed modest correlation with invasive FFR ( 
.379, p 0.001) (Fig. 2A), FFRCT showed strong
orrelation with invasive FFR (  0.703; p 
.001) (Fig. 2B). In addition, modest correlation
as observed between TAG and FFRCT ( 
.351; p  0.001) (Fig. 2C).
The ROC curves of CCTA stenosis grade,
hemia
ructive (50%) stenosis (red arrow) in the proximal right coro-
wed obstructive stenosis (red arrow) in the proximal RCA, frac-
raphy demonstrates no ischemia of right coronary artery.
f 0.89 and (D) transluminal attenuation gradient (TAG) of 0.210l Isc
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sho
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1092ischemia (invasive FFR 0.80) are illustrated in
Figure 3. The ROC curve analysis for TAG showed
an AUC of 0.63 (p  0.037) with an optimal cutoff
alue of 0.654 HU/mm, and resulted in 12 true
ositives (14.6%), 44 true negatives (53.7%), 6 false
ositives (7.3%), and 20 false negatives (24.4%)
Fig. 4A). Sensitivity, specificity, PPV, NPV,
R(), and LR() of TAG  0.654 HU/mm
ere 37.5% (21.7% to 56.3%), 88.0% (75.0% to
5.3%), 66.7% (41.2% to 85.6%), 68.8% (55.8% to
9.4%), 3.13 (1.30 to 7.49), and 0.71 (0.54 to 0.93)
Table 2). The ROC curve analysis for FFRCT
demonstrated an AUC of 0.94 (p  0.001) with an
ptimal cutoff value of 0.77, and resulted in 26
rue positives (31.7%), 47 true negatives (57.3%), 3
alse positives (3.7%), and 6 false negatives (7.3%)
FF
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Figure 2. Correlation of TAG, FFRCT, and Invasive FFR
(A) A modest correlation (  0.379) is observed between translum
(FFR), whereas (B) a strong correlation (  0.703) is observed betw
Table 1. Baseline Characteristics (N  53)
Age, yrs 63.1 8.9
Male 39 (74)
Hypertension 34 (64)
Diabetes mellitus 16 (30)
Hyperlipidemia 30 (57)
Current smoking 7 (13)
Body mass index, kg/m2 24.5 2.4
History of coronary artery disease
Prior myocardial infarction 2 (4)
Prior revascularization 2 (4)
Left ventricular ejection fraction 61.2 5.0
Laboratory value
Hemoglobin, mg/dl 13.7 1.7
Hematocrit, % 40.7 4.6
Creatinine, mg/dl 1.0 0.2
Values are mean  SD or n (%).FFR (FFRCT) and invasive FFR. (C) A modest correlation (  0.351) is alFig. 4B). Sensitivity, specificity, PPV, NPV,
R(), and LR() of an optimal cutoff value of
FRCT 0.77 were 81.3% (63.0% to 92.1%),
4.0% (82.5% to 98.4%), 89.7% (71.5% to 97.3%),
8.7% (76.3% to 95.3%), 13.54 (4.46 to 41.08), and
.20 (0.10 to 0.41) (Table 2), whereas those of
FRCT 0.80 were 90.6% (73.8% to 97.5%),
4.0% (70.3% to 92.4%), 78.4% (61.3% to 89.6%),
3.3% (80.7% to 98.3%), 5.66 (2.97 to 10.79), and
.11 (0.04 to 0.33).
In the overall vessels, the AUC for TAG (0.63)
as not significantly different compared to that for
CTA stenosis (0.73, p  0.217), whereas the
UC for FFRCT (0.94) was significantly larger
than that for CCTA stenosis (0.73, p  0.001) and
that for TAG (0.63, p  0.001) (Fig. 3). A ROC
urve analysis was also performed in each subgroup
ith noncalcified or partially calcified plaque and
alcified plaque (Fig. 5). In a subgroup with non-
alcified or partially calcified plaque (n  58), the
UC for FFRCT (0.94) was larger compared to that
for TAG (0.63, p  0.001) and to that for CCTA
stenosis (0.70, p  0.001). In a subgroup with
calcified plaque (n  24), the AUC for FFRCT
(0.92) was not different from those for TAG (0.75,
p  0.168) and CCTA stenosis (0.80, p  0.195).
D I S C U S S I O N
The present study demonstrated that FFRCT had
better correlation with invasive FFR compared to
TAG and that the diagnostic accuracy of FFRCT
was superior to TAG for the diagnosis of ischemia-
causing lesions as determined by an invasive FFR.
FFRCT
.6 0.8 1
 = 0.703
 < 0.001
FF
R
CT
C
-2 -1 0 1
0.2
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1
-3
TAG
y = 0.351
p = 0.001
 
 
attenuation gradient (TAG) and invasive fractional ﬂow reserve
coronary computed tomography angiography (CCTA)-derived0
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1093The annual CCTA examinations is estimated to
be 2.3 million in the United States alone (19). The
consistently high sensitivity (94% to 99%) and NPV
(97% to 99%) in persons without known CAD
highlights the ability of CCTA to detect and
exclude obstructive coronary artery stenosis (1,2).
Conversely, comparatively low specificity (64% to
83%) and PPV (48% to 86%) underscores an
Se
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Figure 3. ROC Demonstrating AUC for CCTA Stenosis, TAG, and
Overall Vessels
Area under the receiver-operating characteristics (ROC) curve (AUC)
0.80) by computation of coronary computed tomography angiog
transluminal attenuation gradient (TAG) or CCTA stenosis grade. CI
-0.654
FFR  0.8
(N = 32)
FFR > 0.8
(N = 50)
True +
12 (14.6%)
False +
6 (7.3%)
False -
20 (24.4%)
True -
44 (53.7%)
A
TAG
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
0
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1
Figure 4. Distribution of TAG and FFRCT Values According to Pr
Distribution of (A) transluminal attenuation gradient (TAG) and (B)
(FFRCT) values according to the presence of ischemia by FFR 0.80
positive, and false negative discriminated by the cutoff value of TAG excessive rate of false positive CCTA findings.
Further, the anatomical assessment of a coronary
stenosis as determined by CCTA correlates poorly
with the hemodynamic significance of the stenosis.
In a previous study of 79 patients undergoing
CCTA and invasive angiography with FFR mea-
surements, the sensitivity of CCTA by visual esti-
mation to detect lesions with a FFR 0.75 was
FFRCT
0.94
(0.86 - 0.98)
TAG
0.63
(0.52 - 0.74)
CCTA Stenosis
0.73
(0.62 - 0.82)
P<0.001
P<0.001
P = 0.217
Area under the curve (95% Cl)
1
CT for Discrimination of Lesions That Cause Ischemia in
a per-vessel level for ischemia (fractional ﬂow reserve [FFR]
y (CCTA)-derived FFR (FFRCT) is signiﬁcantly larger than that of
onﬁdence interval.
0.77
FFR  0.8
(N = 32)
FFR > 0.8
(N = 50)
True +
26 (31.7%)
False +
3 (3.7%)
False -
6 (7.3%)
True -
47 (53.7%)
B
FFR CT
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
ce of Lesions That Cause Ischemia
nary computed tomography angiography (CCTA)-derived FFR
e illustrated with the number of true positive, true negative, falseFFR
on
raphesen
coro
wer
0.654 and FFRCT 0.77.
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1094high (94%), whereas the specificity to detect such
lesion was poor (40%) (3). It is not unexpected
because the diameter stenosis is a poor indicator of
myocardial ischemia, even by invasive coronary
angiography, and discrepancy between the severity
of stenosis and a noninvasive stress test is not
uncommon (20,21). Considering the role of CCTA
as gatekeeper for invasive coronary angiography,
these findings have raised concerns that false posi-
tive CCTA findings may precipitate unnecessary
referral for invasive angiography and revasculariza-
tion, accompanied by substantial cost to the patient
and to the healthcare system.
Comprehensive noninvasive anatomical and
functional imaging would be desirable to identify
Table 2. Diagnostic Performance of CCTA Stenosis, TAG, and FF
Pe
CCTA Stenosis >70% (95% CI)
Sensitivity 71.9 (53.0–85.6)
Speciﬁcity 68.0 (53.2–80.1)
PPV 59.0 (42.2–74.0)
NPV 79.1 (63.5–89.4)
LR() 2.25 (1.42–3.55)
LR() 0.41 (0.23–0.73)
CCTA  coronary computed tomographic angiography; CI  conﬁdence interv
angiography; LR()  positive likelihood ratio; LR()  negative likeliho
TAG  transluminal attenuation gradient.
FFRCT
TAG
CCTA
Stenosis
0.94 (0.85 - 0.99)
0.63 (0.49 - 0.75)
0.70 (0.56 - 0.81)
P 
P = 0.490
P < 0.001
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Figure 5. ROC Demonstrating AUC for CCTA stenosis, TAG, and
With Noncalciﬁed or Partially Calciﬁed Plaque and in Vessels W
(A) Area under the receiver-operating characteristic (ROC) curve (AUC)
computation of coronary computed tomography angiography (CCTA)-
minal attenuation gradient (TAG) (green line) or CCTA stenosis grade
plaque. (B) In vessels with calciﬁed plaque, the AUC for FFRCT was comparpatients who are likely to benefit from invasive
coronary angiography and revascularization (22).
The TAG, defined as the gradient of intraluminal
radiological attenuation, is a novel process that can
evaluate the severity of coronary artery stenosis. In a
previous study by Choi et al. (4), TAG was mea-
sured in 370 major coronary arteries by using
64-multidetector row CCTA. Compared to diam-
eter stenosis on CCTA and invasive angiography,
TAG decreased consistently and significantly with
maximum stenosis severity; it was also significantly
correlated with the velocity of coronary flow evalu-
ated by TIMI (Thrombolysis In Myocardial Infarc-
tion) frame count. However, in the study, TAG was
not compared to other functional studies, including
essel Analysis (n  82)
G <0.654 HU/mm (95% CI) FFRCT <0.77 (95% CI)
37.5 (21.7–56.3) 81.3 (63.0–92.1)
88.0 (75.0–95.3) 94.0 (82.5–98.4)
66.7 (41.2–85.6) 89.7 (71.5–97.3)
68.8 (55.8–79.4) 88.7 (76.3–95.3)
3.13 (1.30–7.49) 13.54 (4.46–41.08)
0.71 (0.54–0.93) 0.20 (0.10–0.41)
RCT  fractional ﬂow reserve computed from coronary computed tomography
atio; NPV  negative predictive value; PPV  positive predictive value;
0.92 (0.73 - 0.99)
0.75 (0.53 - 0.90)
0.80 (0.58 - 0.93)
01 P = 0.195
P = 0.747
P = 0.168
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1095FFR or myocardial perfusion imaging. Computa-
tion of FFR from CCTA data (FFRCT) provides a
noninvasive method for identifying ischemia-
causing stenosis. In the DISCOVER-FLOW
study, the FFRCT was computed in 159 major
oronary arteries, compared to FFR performed at
he time of invasive angiography (6). The FFRCT is
ell correlated with invasive FFR, and showed high
iagnostic performance for the detection and exclu-
ion of coronary lesions that cause ischemia. Al-
hough CT myocardial perfusion imaging or other
usion images such as CT/positron emission to-
ography and CT/single-positron emission com-
uted tomography also have the potential to assess
he hemodynamic significance of an anatomical
esion, they require additional iodine contrast injec-
ion and radiation exposure, whereas FFRCT or
AG can be computed from typically acquired
CTA scans without any modification of CCTA
rotocols, additional image acquisition, or admin-
stration of medication.
In the present study, TAG, and FFRCT were
measured in blinded fashion by independent core
laboratories and compared to direct measurement of
FFR during invasive coronary angiography as a
reference standard. For the detection or exclusion of
lesion-specific ischemia, FFRCT improved the di-
agnostic accuracy, as evidenced by a high AUC 0.94
compared to CCTA stenosis grade (AUC 0.73),
although TAG could not (AUC 0.63). The most
important difference was that FFRCT was com-
puted from simulated hyperemia, whereas TAG
measured from the resting state. Although TAG
was related not only to TIMI coronary flow but
also to the stenosis severity (4,7), the ability to iden-
tify abnormal resting coronary flow in non–flow-
limiting stenosis has limited value. In our study, an
optimal cutoff value of TAG 0.654 HU/mm
resulted in a high proportion of false negative (20 of
82, 24.4%), and consequently, worse sensitivity,
NPV, and LR() (37.5%, 68.8%, and 0.71, respec-
tively) even compared to those from CCTA steno-
sis with an optimal cutoff value of 70% (71.9%,
79.1%, and 0.41, respectively). The diagnostic value
of TAG for the detection of ischemia-causing
lesions is expected to be improved in conjunction
with pharmacologic stress. However, at the same
time, CCTA imaging performed during adenosine
infusion increases heart rate, and the likelihood of
artifact caused by heart motion could affect the
performance of TAG. Future study is required to
evaluate the feasibility and diagnostic value of stress
TAG.In this study, CCTA was performed with a
64-slice multidetector row CT scanner. It takes 1
cardiac cycle to cover the entire heart in the long
axis of the patient, and intracoronary attenuation
is not measured at the same time in the entire
coronary tree. Lack of temporal uniformity might
limit the diagnostic performance of TAG in the
present study. Single-beat imaging with use of
newly introduced newer scanners with wide-area
coverage that can image the entire coronary tree
at the same time instant during 1 cardiac cycle
may improve the diagnostic performance of
TAG.
Still, TAG might be useful in patients with
imponderable coronary segments, such as severe
coronary calcification or coronary stents. In a pre-
vious study by Choi et al. (4), the addition of TAG
on visual estimate of CCTA resulted in reclassifi-
cation from 1 class of stenosis severity to another in
a significant number of vessels with calcified lesions,
but not in noncalcified lesions. In the present study,
the difference in the diagnostic accuracy between
TAG and FFRCT were narrower in calcified vessels
ompared to that in noncalcified or partially calci-
ed vessels. However, it is not because of decline of
iagnostic accuracy of FFRCT in calcified vessels,
but may possibly be due to improvement of diag-
nostic performance of TAG. Because the number
of vessels with calcified plaque is limited in this
study, further study with a larger number of
patients is required to assess the diagnostic per-
formance of TAG and FFRCT according to the
plaque characteristics.
Study limitations. First, this study was a single-
center retrospective analysis of a prospectively en-
rolled cohort. The relatively small number of study
subjects is another limitation. Moreover, patients
who underwent clinically indicated invasive coro-
nary angiography and FFR as well as CCTA were
enrolled in this study. Therefore, the ability to
assess the diagnostic performance of FFRCT and
AG in all consecutive patients undergoing CCTA
as impossible. Finally, our study does not provide
utcome data. Further study is warranted to deter-
ine whether these noninvasive functional param-
ters by using CCTA might have incremental
rognostic value, acknowledging the limitations of
CTA and anatomic imaging.
C O N C L U S I O N S
Noninvasive FFR derived from typically acquired
CCTA images (FFRCT) provides better diagnostic
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1096performance for detecting and excluding coronary
artery lesions that cause ischemia compared to
gradient of intraluminal radiological attenuation
across lesion (TAG) or visual stenosis grade ondiol 2011;58:1989–97.
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